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Classical novae are expected to contribute to the 1809-keV Galactic γ-ray emission by producing
its precursor 26Al, but the yield depends on the thermonuclear rate of the unmeasured 25Al(p, γ)26Si
reaction. Using the β decay of 26P to populate the key Jpi = 3+ resonance in this reaction, we report
the first evidence for the observation of its exit channel via a 1741.6 ± 0.6(stat) ± 0.3(syst) keV
primary γ ray, where the uncertainties are statistical and systematic, respectively. By combining
the measured γ-ray energy and intensity with other experimental data on 26Si, we find the center-
of-mass energy and strength of the resonance to be Er = 414.9 ± 0.6(stat) ± 0.3(syst) ± 0.6(lit.)
keV and ωγ = 23± 6(stat)+11−10(lit.) meV, respectively, where the last uncertainties are from adopted
literature data. We use hydrodynamic nova simulations to model 26Al production showing that these
measurements effectively eliminate the dominant experimental nuclear-physics uncertainty and we
estimate that novae may contribute up to 30 % of the Galactic 26Al.
PACS numbers: 23.20.Lv, 25.40.Lw, 26.30.Ca, 27.30.+t
Gamma-ray telescopes pointed at the Milky Way have
detected a diffuse 1809-keV line that is characteristic of
26Al decay (τ = 1.0 Ma) [1–5]. Observation of this line
provides direct evidence for ongoing nucleosynthesis pro-
cesses contributing to the interstellar medium and main-
taining a total steady-state 26Al mass of 2.7 ± 0.7 M⊙
[5, 6]. The abundance of 26Al in protoplanetary disks
orbiting young stars may influence the formation of hab-
itable planetary systems such as our own because, in suf-
ficient quantities, the energy released by its in situ de-
cay can heat planetesimals inducing differentiation and
water sublimation [7–9]. The inhomogeneous spatial dis-
tribution of the 1809-keV emission across the Milky Way
suggests that the outflows of massive stars and their su-
pernovae are the primary sites for 26Al production [10].
In the limit where secondary sites such as classical no-
vae and asymptotic giant branch stars are well under-
stood, one can use the 26Al line to estimate the rate of
core-collapse supernovae in the Milky Way [5] or compare
with the 60Fe gamma-ray line intensity [11] to benchmark
simulations of nucleosynthesis in models of massive-star
evolution and death [12].
Classical novae are thermonuclear explosions on
hydrogen-accreting white-dwarf stars that have been es-
timated to contribute up to 0.4 M⊙ to the Galactic
26Al
inventory [13]. This contribution needs to be quantified
accurately for the intrinsic study of classical novae and
because it could present a significant background to the
massive-star component. Fortunately, modeling of nu-
cleosynthesis in novae is relatively advanced and now in-
cludes experimental constraints on most of the essential
thermonuclear reaction rates [14], which are primarily
resonant radiative proton captures at peak temperatures
between 0.1 and 0.4 GK. For example, the direct produc-
tion mechanism for 26Al, the 25Mg(p, γ)26Al reaction, is
well studied experimentally [15–18] because the reactants
are stable. A recent experiment using a 26Al rare isotope
beam has reduced the uncertainty in the rate of the di-
rect destruction mechanism, the 26Al(p, γ)27Si reaction
[19]. The dominant outstanding experimental nuclear-
physics uncertainty lies in the thermonuclear rate of the
25Al(p, γ)26Si reaction (Q = 5513.8 ± 0.5 keV [20–22]),
2which bypasses production of the 26Al ground state [16]
and, therefore, reduces the intensity of 1809-keV gamma
ray emission.
The 25Al(p, γ)26Si rate depends on the center-of-mass
energies and strengths of 26Si resonances (for a recent
summary see Ref. [23]). Direct measurements of the res-
onance strengths using a 25Al (τ = 10.4 s) beam are not
yet possible at rare-isotope beam facilities due to insuffi-
cient intensities. Efforts to constrain the reaction rate in-
directly by studying the proton-unbound states and mass
of 26Si have included a variety of experimental nuclear-
physics methods utilizing both stable and rare isotope
beams [20, 21, 24–35]. In addition, reaction-rate eval-
uations employing available data and supplemented by
shell-model calculations or information from the isospin
mirror nucleus 26Mg have been conducted [16, 23, 36–38].
Currently, there are three known 26Si states (spin and
parity 1+, 0+, and 3+) that could potentially contribute
to the 25Al(p, γ)26Si reaction rate as resonances at nova
temperatures. The center-of-mass energy of the 1+ res-
onance is 163.2 ± 1.8 keV based on the excitation en-
ergy derived from its gamma decay [28] and the Q value.
The 1+ resonance likely only contributes to the total re-
action rate at temperatures below 0.2 GK, where the
25Al(p, γ)26Si route bypassing 26Al is not strongly acti-
vated [38]. The energy of the 0+ resonance is not settled,
but it appears to lie in the vicinity of 400 keV based on its
population in the 24Mg(3He,n)26Si reaction [25, 33, 35].
The strength of the 0+ resonance is expected [27] to be
much lower than the nearby 3+ resonance and, therefore,
the 3+ resonance likely dominates the reaction rate at the
highest nova temperatures, where 25Al(p, γ)26Si is most
active, making experimental constraints on the energy
and strength of the 3+ resonance essential. It has been
argued [23] that the 3+ resonance energy is 412± 2 keV
based on 26P beta-delayed proton decay [26] and other
experimental data, corresponding to a 26Si excitation en-
ergy of 5926±2 keV when combined with the Q value; an
excitation-energy value of 5927 ± 4 keV measured more
recently using the 28Si(p, t)26Si∗(p)25Al reaction [32] is in
good agreement. The proton-decay partial width of the
3+ resonance has been determined to be Γp = 2.9 ± 1.0
eV using the 25Al(d, n)26Si∗(p)25Al reaction [30], provid-
ing valuable further information on the 25Al(p, γ)26Si en-
trance channel.
The radiative exit channel of the key 3+ 25Al(p, γ)26Si
resonance sets the resonance strength, but it has not
yet been observed due to the dominance of the proton-
decay channel, which is generally expected to be about
2 orders of magnitude stronger. Discovery of the exit
channel via the strongest expected primary gamma-ray
transition (Eγ = 1739± 2 keV [22, 26] or 1740 ± 4 keV
[32]) to the 3+ level at 4187 keV [28] could lead to an
experimental value for the small gamma-ray branching
ratio Γγ/Γ ≈ Γγ/Γp of the 3
+ resonance. Together with
Γp [30], such a value would complete the experimental
information on 26Si that is needed to calculate the res-
onance strength without relying heavily on shell-model
calculations or properties of the mirror nucleus. Even
a sufficiently strong upper limit could prove that the
25Al(p, γ)26Si reaction channel bypassing 26Al produc-
tion is effectively closed in novae.
We have exploited the strong population of the third
3+ (3+3 )
26Si level of interest in 26P beta decay [23, 26]
to search for the radiative exit channel and measure the
gamma-ray branching ratio. Fast ions of 26P were pro-
duced at Michigan State University’s National Super-
conducting Cyclotron Laboratory (NSCL) using projec-
tile fragmentation of a 150 MeV/u, 75 pnA 36Ar pri-
mary beam from the Coupled Cyclotron Facility, inci-
dent upon a 1.55 g/cm2 Be transmission target. The
26P ions were separated from other fragmentation prod-
ucts by magnetic rigidity using the A1900 fragment sep-
arator [39] (employing a 120 mg/cm2 Al wedge) and by
time of flight using a radio-frequency fragment separa-
tor [40]. Up to 100 26P ions s−1 were delivered to the
experimental setup. Clean ion identification was accom-
plished using both the time of flight from a scintillator
at the focal plane of the A1900 to two 60 µm-thick sili-
con detectors located ≈ 70 cm upstream of the counting
station, and the energy losses in the latter. On average,
the composition of the beam delivered to the experiment
was found to be 74% 26P with 18% contamination by
24Al and small fractions of lighter ions. The 26P ions
were implanted in a 1-cm thick planar germanium detec-
tor (GeDSSD) [41] that was divided electronically by 16
segmented strips of 5 mm pitch on the front side and 16
orthogonal ones on the back. The GeDSSD recorded the
radioactive ion implantations and their subsequent beta
decays using parallel low- and high-gain amplifications,
respectively. The SeGA array of Ge detectors [42] sur-
rounded the GeDSSD in two coaxial 13-cm radius rings
consisting of eight germanium detectors apiece and was
used to detect gamma rays. The NSCL digital data ac-
quisition [43] was employed.
The SeGA spectra were gain matched to produce
cumulative spectra with 1-keV-wide bins using the
strong gamma-ray lines from room-background activity
at 1460.8 keV (from 40K decay) and 2614.5 keV (from
208Tl decay) as reference points, providing an in situ
first-order relative-energy calibration. Efficiency calibra-
tions were performed using standard sources of 154,155Eu
and 56Co placed along the beam axis on the outside sur-
face of the GeDSSD cryostat (5 cm downstream of the
26P implantation position). The calibration data were
used together with geant4 Monte Carlo simulations in-
corporating the essential components of the experimental
geometry to determine the efficiency at the 26P position
300 µm deep inside the GeDSSD crystal.
In order to reduce the room-background contribution
to the online gamma-ray spectra, a beta-delayed gamma-
ray spectrum (see Fig. 1) was produced by requiring coin-
3FIG. 1. (color online). Cumulative 26P(βγ)26Si (left axis) and
26P(βγγ)26Si (right axis) spectra. The data points show the
βγ spectrum with error bars spanning 1 standard deviation.
The solid line is a fit to the data including known gamma-
ray transitions (Doppler broadened for 25Al), a straight-line
background, and a new peak at 1742 keV. The gamma-ray
emitting nuclides contributing to each feature in the spec-
trum are labeled, where two asterisks denote peaks produced
by the escape of two 511-keV positron-annihilation gamma
rays. The open histogram shows βγγ coincidences with 1401-
keV gamma rays. The hatched histogram shows coincidences
with continuum background in a relatively broad energy re-
gion just above 1401 keV in 9-keV-wide bins and normalized
to correspond to the expected background per keV in the
1401-keV coincidence spectrum.
cidences with high-gain events in the GeDSSD, which in-
cluded beta particles, in a 1.2 µs software gate. Although
there were clear contributions from beam contaminants,
room background, and daughter activities, this βγ spec-
trum was dominated in the region of interest by 26Si and
25Al lines from the decay of 26P.
The spectrum was fit (see Fig. 1) in the region of in-
terest using an exponentially modified Gaussian effective
response function whose shape was fixed based on peaks
of similar energy in the high statistics gamma-ray singles
spectrum. A small extra peak was needed at 1801 keV
to achieve a reasonable fit, but we considered this to be
part of the intense 1797-keV line, which could not be fit
adequately with our simplified response model. Doppler
broadening of peaks originating from the 26P(βpγ)25Al
decay sequence was incorporated to account for nuclear
recoil. Where relative energies or intensities of lines were
sufficiently well known, they were constrained in the fit.
The continuum background from Compton scattering of
higher-energy gamma rays was modeled with a straight
line spanning the range shown in Fig. 1; there was no
evidence for significant curvature.
We observed evidence for an unbroadened peak in the
region of interest that was 3.9 standard deviations above
the expected background level. The energy of this peak
was found to be 1741.6± 0.6(stat) ± 0.3(syst) keV with
reference to the literature energies of well-known gamma-
ray lines included in the fit and the relative-energy scale
derived from the gain-matching procedure, where the
uncertainties are statistical and systematic, respectively.
The systematic uncertainty was assigned based on small
variations in the result obtained using various calibration
points. We could not find a previously observed gamma-
ray transition to attribute this peak to, but its energy and
(as shown below) intensity are consistent with expecta-
tions for the previously unobserved 3+3 → 3
+
2 transition
to the 4187-keV state in 26Si. When additional narrow
peaks were added to the fit in the vicinities of 1735 and
1754 keV (neither one included in the fit shown in Fig.
1), they were found to be 2.6 standard deviations above
the expected background level. The 1742-keV peak is
the most statistically significant new peak in the spec-
trum and it is consistent with the expected energy for
the 3+3 → 3
+
2 transition.
In order to further test the hypothesis that the new
1742-keV peak is from the 3+3 → 3
+
2
26Si gamma-ray
transition following the beta decay of 26P, we searched
for gamma-ray coincidences with the 1401-keV gamma
ray, which is known to be the strongest transition deex-
citing the 3+2 level at 4187 keV [28]. Supposing that
the 1742-keV peak in the βγ spectrum was from the
3+3 level and using its measured intensity together with
the known branching [23, 28] and detection efficiency
for the 1401-keV gamma ray, we would expect to ob-
serve 3.4±0.9(stat)±0.4(syst) real coincidences between
1401- and 1742-keV gamma rays. Figure 1 shows the
observed βγγ coincidence spectrum with nine candidate
events over a 10-keV range that could be reasonably at-
tributed to the 1742-keV peak in the βγ spectrum. We
estimate the background to be 0.3 counts/keV using both
coincidences in nearby bins and the spectrum observed
in coincidence with a relatively broad background re-
gion just above 1401 keV, suggesting an expected back-
ground of three counts over the 10-keV range. Assuming
a Poisson distribution, the probability of obtaining nine
or more counts when three background counts are ex-
pected is only 0.4 %. This 99.6 % confidence-level excess
in the vicinity of the 1742-keV peak is the most statis-
tically significant coincidence signal in the region of in-
terest with the exception of the signal from the 1797-
keV peak, for which the corresponding gamma ray is
known [26, 28] to be emitted in cascade with the 1401-
keV gamma ray. Considering the expected coincidence
background of three counts and the nine observed events,
we find the observed number of real coincidences to be
6.0+3.8−2.7, where the uncertainties are adopted from the
tables of Ref. [44]. This βγγ coincidence result is consis-
tent with the hypothesis that the 1742-keV peak in the
βγ spectrum is produced by deexcitation of the 3+3
26Si
level, providing further evidence for such an identifica-
tion.
While no individual piece of evidence on the identi-
4fication of the 1742-keV gamma ray (energy, intensity,
coincidences) is absolutely conclusive on its own, consid-
eration of the evidence as a whole presents a relatively
strong case that this gamma ray is from the 3+3 → 3
+
2
26Si transition. The most significant excess in the region
of interest of both the βγ and βγγ spectra is at 1742
keV, which is consistent with the expected transition en-
ergy. The intensities of the signals at 1742 keV in the
two spectra are mutually consistent. The βγ feature at
1754 keV and, to a lesser extent the one at 1735 keV,
are inconsistent with the transition energy. In addition,
these less statistically significant βγ features do not have
significant corresponding excesses in the βγγ spectrum.
We will, therefore, consider the 1742-keV gamma ray to
be from the 3+3 → 3
+
2
26Si transition for subsequent cal-
culations.
Using the fits of the 1742- and 1797-keV peaks in the
βγ spectrum shown in Fig. 1 [26, 28], the ratio of their
respective areas was derived to be (3.4 ± 0.9) × 10−3.
Using this value, the known intensity of the 1797-keV
line (52% ± 11% [26]), and the ratio of efficiencies be-
tween these two energies (effectively unity) we derive
the βγ intensity of the 1742-keV gamma ray to be
[0.18 ± 0.05(stat) ± 0.04(lit.)]%, where the latter uncer-
tainty is due to adopted literature data. The 1742-keV
partial gamma-decay branch of the 3+3 level is expected
to be 71+13−19% based on the decay of the
26Mg mirror level
[23] (the shell model also predicts 71% [45]), suggesting
that the total βγ intensity of all primary gamma rays
from this level is [0.25± 0.07(stat)+0.08−0.07(lit.)]%. For com-
parison, the beta delayed proton decay intensity through
this level is 17.96%±0.90% [26]. Dividing the gamma in-
tensity by the proton intensity yields the ratio of partial
widths, Γγ/Γp = 0.014 ± 0.004(stat)
+0.005
−0.004(lit.). Adopt-
ing the experimentally determined value of Γp = 2.9±1.0
eV [30] yields Γγ = 40 ± 11(stat)
+19
−18(lit.) meV allow-
ing us to calculate a 25Al(p, γ)26Si resonance strength
ωγ = 23± 6(stat)+11−10(lit.) meV.
The presently derived 25Al(p, γ)26Si resonance
strength is the first one based on measurements of 26Si
partial widths and branching ratios. The shell model has
been used elsewhere [37] to predict a resonance strength
of 68 meV, whereas estimates [23, 24] based on a lifetime
measurement [46] of the 26Mg mirror level yield a value
of 18+18−9 meV. The resonance strength derived in the
present work favors those based on the mirror level.
We derive a 25Al(p, γ)26Si resonance energy for the
3+3 level using our measured primary gamma-ray energy
by adding it to the excitation energy of the 3+2 state
(4187.1±0.3 keV) [28], which yields an excitation energy
of 5928.7± 0.6(stat)± 0.3(syst)± 0.3(lit.) keV. Combin-
ing this with the Q value yields a resonance energy of
414.9± 0.6(stat) ± 0.3(syst)± 0.6(lit.) keV. This energy
is compatible with, and more precise than, the values of
412± 2 keV derived from the beta-delayed proton-decay
energy [23, 26] and 413 ± 4 keV from the (p, t) reaction
TABLE I. Mass ejected from shiva [47] simulations of no-
vae occurring on oxygen-neon white dwarfs of various masses.
Mtot is the total mass ejected in a single outburst; M(
26,27Al)
are the masses of 26,27Al ejected. The uncertainties shown
include only the effects of the standard deviation of the
25Al(p, γ)26Si reaction rate from the present work. The un-
certainties in parentheses represent the results when the lower
limit on the 25Al(p, γ)26Si reaction rate is calculated with the
3+ resonance strength set equal to zero.
White-dwarf mass 1.15 M⊙ 1.25 M⊙ 1.35 M⊙
Mtot (10
28 g) 4.9 3.8 0.90
M(27Al)/Mtot (10
−4) 85
+1(+0)
−0 45
+0(+0)
−0 32
+1(+20)
−1
M(26Al)/Mtot (10
−4) 9.9
+0.0(+0.0)
−0.1 5.8
+0.0(+0.0)
−0.1 5.2
+0.4(+4.8)
−0.3
[32].
We calculated a new thermonuclear 25Al(p, γ)26Si re-
action rate using the 3+ resonance energy and strength
(and corresponding uncertainties) from the present work.
For the 1+ and 0+ resonances and the direct-capture
component, we adopted the values and uncertainties from
Ref. [23]. We simulated the production of 26Al in novae
on oxygen-neon (ONe) white dwarfs with masses of 1.15,
1.25, and 1.35 M⊙ using the spherically symmetric, La-
grangian, hydrodynamic code shiva [47] and a nuclear
reaction network that includes the rates from Ref. [14]
and our new 25Al(p, γ)26Si rate. The simulations were
repeated with the standard-deviation limits on our rate.
The results are summarized in Table I, which shows that
the uncertainties related to the 25Al(p, γ)26Si reaction
are typically ≪ 10%. Since the 25Al(p, γ)26Si reaction-
rate uncertainty was the last substantial experimental
nuclear-physics uncertainty associated directly with the
explosion, the reported 26Al yields represent model pre-
dictions that are effectively independent of these experi-
mental nuclear-physics uncertainties — a significant mile-
stone.
Following the estimate of Ref. [13] (based on Ref. [48])
and changing only the amount of 26Al produced in novae
on 1.15 M⊙ ONe white dwarfs (see Table I), we find an
increase from 20% to 30% in the maximum contribution
of classical novae to the 26Al observed [5, 6] in the Milky
Way. In order to deduce the nova contribution more ac-
curately, the number of ONe novae per year in the Galaxy
needs to be determined more accurately and multidimen-
sional aspects of nova modeling, including mixing at the
core-envelope interface, need to be integrated with the
nucleosynthesis.
In conclusion, we have observed evidence for a new 26P
beta-delayed gamma ray at 1742 keV. The gamma-ray
energy and intensity are consistent with those expected
for the strongest primary transition deexciting the 3+3
26Si level. Coincidences with the secondary gamma ray
at 1401 keV provide further evidence for such an identi-
fication. This is the first experimental evidence for the
5exit channel of the key 3+ resonance in the thermonuclear
25Al(p, γ)26Si reaction rate, which influences the produc-
tion of 26Al in classical-nova models. Using the energy
and intensity of the observed 26Si gamma-ray line, we
have derived the resonance energy and strength, allow-
ing us to estimate 26Al production in novae in a manner
that is effectively independent of nuclear-physics uncer-
tainties. We checked the sensitivity of 26Al production
to our lower limit by running our nova simulations with
the 3+ resonance strength set equal to zero and found
that that only the simulation employing a 1.35M⊙ white
dwarf displayed any change (see Table I). Therefore, one
could also interpret our experimental result as an upper
limit and reach essentially the same astrophysical con-
clusions: our experiment is sufficiently sensitive to prove
for the first time that the 25Al(p, γ)26Si reaction rate is
very slow so that the path bypassing 26Al production
is closed in novae hosted by typical oxygen-neon white
dwarfs with masses below 1.3M⊙ and only open for a
short period of time near peak temperature for higher
white-dwarf masses, which are expected to be scarce ac-
cording to stellar evolution models.
We encourage future measurements to further reduce
the uncertainties in the 3+ 25Al(p, γ)26Si rate, which are
dominated by the resonance strength uncertainty. For ex-
ample, a 5σ detection of the 1742-keV gamma ray would
be an improvement and higher-statistics data on γγ co-
incidences are desirable. First evidence for the weaker
primary gamma-decay branches from the 5929-keV 26Si
level could provide direct experimental constraints on the
3+3 → 3
+
2 branch we adopted from Ref. [23]. Indepen-
dent measurements of Γp could be conducted to confirm
the existing value [30] and improve the uncertainty. Di-
rect measurements of the 3+ resonance with intense low-
energy 25Al beams will hopefully be feasible at the next
generation of rare-isotope facilities; the present results
provide essential information for the planning of such ex-
periments.
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